A key role for nitric oxide (NO) in penile erection is well established, but the relative roles of the neuronal NO synthase (nNOS) versus endothelial forms of NOS are not clear. nNOS-and endothelial NOS-deficient mice maintain erectile function and reproductive capacity, questioning the importance of NO. Alternatively, residual NO produced by shorter transcripts in the nNOS ؊/؊ animals might suffice for normal physiologic function. We show that the ␤ splice variant of nNOS elicits normal erection despite a decrease in stimulus-response characteristics and a 5-fold increased sensitivity to the NOS inhibitor, L-NAME. Residual nNOS␤ generates only 10% of the normal NO level in vitro but produces citrulline and diaphorase staining reflecting in vivo NOS activity in pelvic ganglion nerves that is comparable to WT animals. Thus, alternatively spliced forms of nNOS are major mediators of penile erection and so may be targets for therapeutic intervention.
A key role for nitric oxide (NO) in penile erection is well established, but the relative roles of the neuronal NO synthase (nNOS) versus endothelial forms of NOS are not clear. nNOS-and endothelial NOS-deficient mice maintain erectile function and reproductive capacity, questioning the importance of NO. Alternatively, residual NO produced by shorter transcripts in the nNOS ؊/؊ animals might suffice for normal physiologic function. We show that the ␤ splice variant of nNOS elicits normal erection despite a decrease in stimulus-response characteristics and a 5-fold increased sensitivity to the NOS inhibitor, L-NAME. Residual nNOS␤ generates only 10% of the normal NO level in vitro but produces citrulline and diaphorase staining reflecting in vivo NOS activity in pelvic ganglion nerves that is comparable to WT animals. Thus, alternatively spliced forms of nNOS are major mediators of penile erection and so may be targets for therapeutic intervention.
penis ͉ cavernous nerve ͉ NADPH diaphorase N itric oxide (NO) is synthesized by three major enzymes derived from distinct genes, inducible NO synthase (iNOS), endothelial NOS (eNOS), and several variants of neuronal NOS (nNOS) (1) . Penile erection is mediated by NO produced by both nNOS and eNOS (2), the former initiating erection (3), and the latter providing sustained maximal erection (4). The relative contributions of different forms of NOS to penile erection are unclear, especially because erection is preserved in mice with targeted deletion of nNOS␣ (nNOS Ϫ/Ϫ ) as well as in eNOS Ϫ/Ϫ animals (5-7). In the present study, using nNOS Ϫ/Ϫ (8), eNOS Ϫ/Ϫ (9), and doubly mutant mice (10) (dNOS Ϫ/Ϫ ), we show that alternatively spliced forms of nNOS mediate a major portion of penile erection.
Results and Discussion
We evaluated erectile function by monitoring intracavernous pressure (ICP) in response to electrical stimulation of the cavernous nerve at different voltages (Fig. 1A) . Erection is maintained in all of the transgenic animals, and at the highest voltage tested (6 V), there is no significant difference among groups. However, nNOS Ϫ/Ϫ and dNOS Ϫ/Ϫ animals are less responsive to low-voltage stimulation. At 1 V, nNOS Ϫ/Ϫ and dNOS Ϫ/Ϫ animals have only 4% and 26% of the stimulated change in ICP seen in WT animals. In contrast, eNOS Ϫ/Ϫ animals appear supersensitive to electrical stimulation, with 150-300% increased response at 1-4 V compared with WT.
We wondered whether the retained erection in mutant mice reflects a residual NO-generating system or is unrelated to NO. We evaluated the influence of L-nitroarginine methylester (L-NAME), which inhibits all forms of NOS nonselectively (11) . Strikingly, all three mutant mice are supersensitive to inhibition of erection by L-NAME, with the doubly mutant mice 10 times more sensitive than WT and the nNOS Ϫ/Ϫ and eNOS Ϫ/Ϫ animals 5 and 2.5 times more sensitive, respectively (Fig. 1B) . This supersensitivity may reflect the greater ease of L-NAME to inhibit smaller amounts of nNOS in mutant animals. At higher doses, L-NAME inhibition is similar among all groups. We also note striking differences in the patterns of stimulated erection in transgenic mice. dNOS Ϫ/Ϫ mice, in particular, demonstrate an irregular and dysfunctional priapic activity (Fig. 1C) .
The preservation of electrically stimulated erectile function in nNOS Ϫ/Ϫ animals suggests that the nerve fibers contain residual NOS. Accordingly, we compared total in vitro NOS activity in WT and transgenic penes ( Fig. 2A) . Total NOS activity is reduced 30-40% in eNOS Ϫ/Ϫ tissue and almost 90% in nNOS Ϫ/Ϫ and double-knockout preparations. Residual activity is completely inhibited by 500 M L-NAME. Because iNOS has not been detected in normal WT rat and mouse penile tissues (5), we wondered whether alternatively spliced forms of nNOS might maintain erectile activity. In certain brain regions, alternatively spliced and catalytically active nNOS␤ has been described (12), whereas another alternatively spliced form, nNOS␥, also persists in the nNOS Ϫ/Ϫ brain but lacks catalytic activity (13) . We conducted in situ hybridization for the predominant ␣ form of nNOS and the catalytically active ␤ form (Fig. 2B) . In WT mice, both NOS␣ and -␤ are prominent in the neuronal cell bodies of the pelvic ganglion, which give rise to the cavernous nerve innervation of the penis. Similar localizations are observed with a common probe that recognizes both ␣ and ␤ forms. Staining for nNOS␣ mRNA is abolished in nNOS Ϫ/Ϫ animals, but no reduction of nNOS␤ is apparent, consistent with the design of the mutant mice in which exon-2 was deleted, leaving those forms that lack that portion of the N terminus of the protein unaffected.
To investigate whether residual nNOS␤ produces NO in nerve fibers, we stained penile tissue for citrulline, which reflects NOS activity in intact animals (14) (Fig. 2C) . We observe citrulline staining in the cavernous and dorsal nerves of the penis as well as endothelial tissue lining the cavernous sinuses and penile blood vessels. Citrulline staining is not reduced in nNOS Ϫ/Ϫ penile sections. The retention of apparent NOS activity in nNOS Ϫ/Ϫ intact penes may reflect a greater capability of residual NOS to generate citrulline (and presumably NO) in vivo but not in vitro or might reflect diminished degradation of citrulline in the mutant animals. To distinguish these possibilities, we evaluated neuronal production of NO in fresh tissue. First, we measured Ca 2ϩ -dependent NOS activity from purified cavernosal nerve cells in transgenic animals transfected with a herpesvirus-lacZ marker (Fig. 3A) , as described (15, 16) . Although WT and eNOS Ϫ/Ϫ animals have similar neuronal NOS activity, as expected, nNOS Ϫ/Ϫ and dNOS Ϫ/Ϫ animals have 60% and 57% of the WT activity. The activity is calcium-dependent and com-pletely abolished by 7-nitroindazole, a selective nNOS inhibitor. To further confirm the substantial nNOS activity in the transgenic mice, we performed diaphorase histochemical staining of isolated pelvic ganglia (17) , which reflects NOS catalytic activity. This staining is similar in neuronal cell bodies for WT, eNOS Ϫ/Ϫ , nNOS Ϫ/Ϫ , and dNOS Ϫ/Ϫ mice (Fig. 3B) . In summary, our findings indicate that the alternatively spliced nNOS␤ mediates a major portion of penile erection. Although NOS catalytic activity monitored in penile tissue extracts is reduced 90% in nNOS mutant mice, no substantial reduction in citrulline or NADPH diaphorase staining or NOS activity of cavernosal nerve lysates is evident in the mutants. nNOS␤ generation of NO͞citrulline is also preserved in the brains of nNOS Ϫ/Ϫ animals (14) .
Unique properties of nNOS␤ may explain its robust production of NO to preserve erectile function in nNOS Ϫ/Ϫ animals (18). nNOS␤ lacks the N-terminal PDZ domain that binds to PSD95, the postsynaptic density protein that anchors nNOS␣ to neuronal membranes and links nNOS to the NMDA glutamate receptors (13) . The lack of tethering to the plasma membrane for nNOS␤ may provide greater in vivo than in vitro activity. Also, the absence in nNOS␤ of the domain that binds to the protein inhibitor of NOS, an endogenous inhibitor of NOS (19) , may also potentiate in vivo catalytic activity.
Because of its unique properties, nNOS␤ may be a novel therapeutic target for treating erectile dysfunction, cardiovascular disease, and other conditions with NO deficiency. A complete nNOS-deficient mouse lacking nNOS␣, -␤, and -␥ is infertile (20, 21) . The nNOS␣ Ϫ/Ϫ , eNOS Ϫ/Ϫ , and dNOS
animals used in our studies are all fertile, indicating the crucial role of functional nNOS in normal reproductive function.
Methods
Physiologic Erection Studies and Inhibition. Age-matched adult male C57BL6 (WT; The Jackson Laboratory), eNOS Ϫ/Ϫ , nNOS Ϫ/Ϫ , or dNOS Ϫ/Ϫ (from the laboratory of P.L.H.) mice were used in ICP studies (4) . Mouse penis was denuded of skin and fascia and the corpus cavernosum was monitored with a needle connected to a pressure transducer by using MATLAB Mathworks (Natick, MA) software. A bipolar electrode attached to a Grass Instruments (Quincy, MA) S48 stimulator was placed around the cavernous nerve and stimulation was conducted at 1, 2, 4, and 6 V. For inhibition studies, stimulation was performed at 4 V for 2 min after a stable baseline was obtained. Then 10 l of the indicated concentrations of L-NAME was injected directly into the penis followed by a 10-min stabilization phase and then stimulated again for 2 min. The percent inhibition is expressed as the ratio of ⌬ICP L-NAME ͞⌬ICP control . IC 50 values were computed by using dose-response curve-fitting software from GRAPHPAD PRISM (GraphPad Software, San Diego).
In Situ Hybridization. Digoxygenin in situ hybridization with unique N-or C-terminal probes was conducted as published (14) and according to the manufacturer's instructions (Calbiochem) by using common or NOS␣-or NOS␤-specific probes corresponding to residues 100-786 of mouse nNOS sequence.
Citrulline Staining. Staining for glutaraldehyde-coupled citrulline was performed as described (14) by using affinity-purified antibodies. Animals were killed and perfused with 5% glutaraldehyde͞0.5% paraformaldehyde, postfixed, and then cryoprotected. Free-floating sections of mouse penis were reduced with NaBH4, blocked with 4% goat serum, and permeabilized in 0.1% Triton X-100 before incubating overnight with antiserum diluted to 1:5,000 in PBS. Staining was developed with the ABC Elite kit (Vector Laboratories).
nNOS Activity from Isolated Cavernosal Nerve. Mouse penes were transfected with a herpesvirus (HSVlacZ) encoding V5 and lacZ (25 ϫ 10 7 plaque-forming units) by direct injection of the cavernosum by using a 30-gauge needle and proximal occlusion of penile venous return by using an elastic band, as described (15) . Two days later, penes were harvested and purified by using anti-V5 antibody (Transduction Laboratories, Lexington, KY) and miniMACS separation unit (Miltenyi Biotec). Confirmation of the cavernosal nerve cell population was performed by f low cytometry by using both V5 and lacZ. Constitutive enzyme activity was assayed in total penile homogenates or isolated tissue, as described (22) . Brief ly, samples were sonicated in a solution of Tris⅐HCl (250 mmol/liter, pH 7.4͞EDTA 10 nmol/liter͞EGTA 10 mmol/liter) and centrifuged at 12,000 ϫ g for 10 min at 14°C. The supernatant was incubated in NADPH [10 mmol/liter)͞[ 3 H]L-arginine (1 mCi/ ml)͞CaCl (6 mmol/liter)͞Tris⅐HCl (50 mmol/liter, pH 7.4)͞ tetrahydrobiopterin (6 mol/liter)͞f lavin adenine dinucleotide (2 mol/liter)͞f lavin mononucleotide (2 mol/liter)] for 60 min at 24°C. The reaction was stopped with Hepes (50 mmol/liter, pH 5.5) and EDTA (5 mmol/liter). The radioactivity eluted from a Dowex column was measured by liquid scintillation counting.
Diaphorase Histochemical Staining. NADPH diaphorase staining was performed on sections of mouse pelvic ganglia (17) . Brief ly, 20-to 40-m sections were fixed in 4% paraformaldehyde and then developed in a reaction buffer containing NADPH and NBT. The sections were counterstained with Nuclear Fast Red and fixed in EtOH, then mounted for microscopy. Blanks were confirmed by omitting NADPH or nitroblue tetrazolium. Fig. 3 . Neuronal localization of residual NOS activity in transgenic mice. (A) Calcium-dependent and 100 M 7-nitroindazole (7-NI) inhibited conversion of arginine to citrulline in isolated cavernosal nerve tissue is maintained in eNOS Ϫ/Ϫ animals and reduced in nNOS Ϫ/Ϫ and dNOS Ϫ/Ϫ strains. Data are mean Ϯ SEM of three to five measurements. EGTA (5 mM) or L-NAME (100 M) also completely inhibit NOS activity. (B) Histochemical localization of diaphorase activity to large neuronal cell bodies is maintained in pelvic ganglia from all transgenic strains. Data are representative of three separate staining procedures for ganglia taken from two separate animals.
